Engrailed-1 Misexpression in Chick Embryos Prevents Apical Ridge Formation but Preserves Segregation of Dorsal and Ventral Ectodermal Compartments  by Altabef, Muriel et al.
P
S
E
h
s
h
r
i
f
d
F
N
D
Developmental Biology 222, 307–316 (2000)
doi:10.1006/dbio.2000.9659, available online at http://www.idealibrary.com onEngrailed-1 Misexpression in Chick Embryos
revents Apical Ridge Formation but Preserves
egregation of Dorsal and Ventral
ctodermal Compartments
Muriel Altabef,*,†,1 Cairine Logan,*,2 Cheryll Tickle,†,3
and Andrew Lumsden*
*Department of Developmental Neurobiology, King’s College, Guy’s Campus, Guy’s Hospital,
SE1 9RT London, United Kingdom; and †Department of Anatomy and Developmental
Biology, University College London, Medawar Building, Malet Place, WC1E 6BT,
London, United Kingdom
Using lineage tracers, we recently showed dorsal and ventral ectodermal compartments along the sides of the body in chick
embryos. The compartments are formed both in presumptive limb-forming regions where they position the apical ridge and
also in presumptive interlimb (flank). Here we show, using a novel technique combining fate mapping and in situ
ybridisation, that the ventral compartment coincides with the Engrailed-1 (En-1) domain of expression. This coincidence
uggests that En-1 could maintain the ventral compartment and be necessary for apical ridge formation. To test this
ypothesis, we ectopically expressed En-1 via retroviral transfer and then examined limb development and cell lineage
estriction in the ectoderm. En-1 misexpression can completely prevent formation of both normal limbs and ectopic limbs
nduced in the flank by application of FGF-2. In both cases, there are no morphological signs of apical ectodermal ridge
ormation and expression of ridge-associated genes is undetectable. In striking contrast, the lineage restriction between
orsal and ventral ectoderm is not altered. Therefore, En-1 is involved in the regulation of ridge formation but not
compartment maintenance. © 2000 Academic Press
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FINTRODUCTION
During embryogenesis, cells associate to form organs and
appendages at specific positions, in appropriate numbers
and in correct orientation. This process of patterning is
coupled with considerable cell proliferation. Studies in
invertebrates, and later in vertebrates, have shown that
cells can be organised into polyclonal assemblages between
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All rights of reproduction in any form reserved.hich cell mixing is restricted (Garcia-Bellido et al., 1973;
raser et al., 1990; Figdor and Stern, 1993; Altabef et al.,
1997). Such structures are called developmental compart-
ments. It was originally proposed that lineage restriction
between compartments is initiated and maintained by
expression of a “selector gene” in one of the compartments
(Garcia-Bellido, 1975). The selector gene not only confers
compartment specific identity and thereby controls the
future pattern of the emerging structure, but also restricts
the ability of cells to mix with cells from the neighbouring
compartment. The immiscibility between two adjacent
compartments leads to the formation of a compartment
boundary at the interface between the two populations.
Specialised cells at the boundary play a specific role in
directing growth, patterning, and orientation of structures
formed from adjoining compartments.In Drosophila, compartmental organisation has been
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mEn-1 probe to monitor the level of infection (dark blue staining).
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Copyright © 2000 by Academic Press. All rightssion. Embryos were labelled with rhodamine dextran in dorsal
were then processed for in situ hybridisation with cEn-1 probe. (A)
magenta). Labelled cells from dorsal compartment abut En-1 domain
hodamine dextran (green). Fluorescent rhodamine labelling has been
of rhodamine labelling on dark in situ product. Labelled cells from
C) Whole mount of dorsally labelled flank. Note the somites strongly
power view of (C): labelled cells in the dorsal compartment abut the
at bottom right corner of the picture. (F) Higher power view of (D):
. The lines show the limit En-1 domain of expression.
) Control noninfected embryo. The position of the extra limb is
irus that does not produce En-1 protein. Note that the extra limb
nfected embryo (red arrow). (C and D) Dorsal and ventral view,
b has a pointed shape characterised by a reduced apical ectodermal
FGF-2 bead seen in ventral view (white arrowhead). (E and F) DorsalFIG. 1. Cell lineage restriction coincides with En-1 domain of expre
ompartment (A, C, E) or ventral compartment (B, D, F) for 24 h. They
ibratome section of wing bud dorsally labelled with rhodamine dextran (
f expression. (B) Vibratome section of wing bud ventrally labelled with r
onverted to green using Adobe Photoshop in order to enhance visibility
entral compartment are contained within the domain of En-1 expression. (
xpressing En-1 and forelimb at top right corner of the picture. (E) Higher
n-1 domain. (D) Whole mount of ventrally labelled flank. Note hindlimb
abelled cells in the ventral compartment colocalise with the En-1 domain
IG. 2. Effects of En-1 misexpression on FGF-2-induced extra limb. (A
hown by the red arrow. (B) Embryo infected with control RCAN En-1 v
s comparable in shape and size to the extra limb of the control uni
espectively, of a moderately infected RCAS En-1 embryo. The extra lim
idge that remains only at extreme tip (red arrow, also in close-up). Note
nd ventral view, respectively, of a heavily infected RCAS En-1 embryo. There is no trace of an extra limb at the site of bead implantation
red arrow). Note FGF-2 bead in ventral view (white arrowhead), also in close-up. All embryos processed for in situ hybridisation usings of reproduction in any form reserved.
t
1
E
e
e
d
a
s
h
309En-1 and Vertebrate D-V Compartmentsshown for two axes of the wing imaginal disc (for review
see, Blair, 1995; Lawrence and Struhl, 1996). Engrailed
encodes a transcription factor and is thought to act as a
selector gene to regulate formation of the boundary be-
tween anterior and posterior compartments (Morata and
Lawrence, 1975; Lawrence and Morata, 1976; Hidalgo,
1994; Guillen et al., 1995; Simmonds et al., 1995; Tabata et
al., 1995; Zecca et al., 1995; Blair and Ralston, 1997).
Interestingly, this compartment boundary does not corre-
spond to any morphological feature in the adult wing.
Mutations in engrailed transform posterior pattern of the
wing into anterior and engrailed mutant cells freely cross
the compartment boundary (Morata and Lawrence, 1975;
Lawrence and Morata, 1976; Hidalgo, 1994; Guillen et al.,
1995; Simmonds et al., 1995; Tabata et al., 1995; Zecca et
al., 1995; Blair and Ralston, 1997). Full transformation of
the posterior compartment, however, requires concomitant
mutation of invected, a closely related gene (Hidalgo, 1994;
Tabata et al., 1995). Ectopic engrailed expression, on the
other hand, transforms the anterior compartment into pos-
terior (Guillen et al., 1995). Along the dorsoventral axis,
apterous, expressed in the dorsal compartment, is thought
to operate as a selector gene (Diaz-Benjumea and Cohen,
1993). In contrast with the anteroposterior compartment
FIG. 3. Effects of En-1 misexpression on normal limb developm
mbryo infected with control RCAN En-1 virus that does not pro
orsal views and vibratome section (at wing level) of embryo infe
ffected. Embryos processed for in situ hybridisation using mEn-1 p
of embryo infected with RCAS En-1 virus processed for in situ hybri
taining). Note extreme reduction of the forelimb at the localise
indlimb. (H) Higher power and side view of (G).boundary, the dorsoventral compartment boundary coin-
Copyright © 2000 by Academic Press. All rightcides with a presumptive morphological structure, the wing
blade margin. Just as loss of engrailed allows mutant cells
to straddle the anteroposterior compartment boundary, loss
of apterous allows similar mingling at the dorsoventral
compartment boundary.
In vertebrates, the limb bud arises from a flat bilayered
tissue consisting of ectoderm and underlying lateral plate
mesoderm. Epithelial–mesenchymal interactions lead to
primary outgrowth followed by induction of a specialised
ectodermal structure, the apical ectodermal ridge (AER), at
the distal tip of the bud. The apical ridge runs along the
anteroposterior axis of the bud at the dorsoventral interface.
Expression of certain genes is conserved between vertebrate
limbs and Drosophila appendages although their distribu-
ion has changed (Johnson and Tabin, 1997; Schwabe et al.,
998). Ventral ectoderm and ventral apical ridge express
ngrailed-1 (En-1), one of the vertebrate homologues of
ngrailed (Davis et al., 1991; Wurst et al., 1994; Gardner
and Barald, 1992; Logan et al., 1997). Dorsal ectoderm
expresses one of the wingless homologues, Wnt-7a (Dealy
et al., 1993; Parr and McMahon, 1995), and one of the fringe
homologues, Radical-Fringe (R-Fng) (Laufer et al., 1997;
Rodriguez-Esteban et al., 1997). Dorsal mesoderm expresses
Lmx1 (called Lmx1b in mouse), one of the homologues of
(A and B) Whole mount and vibratome section (at wing level) of
En-1 protein. (C–F) Whole mount of, respectively, right, left, and
with RCAS En-1 virus. Note that all four limbs (red arrows) are
to analyse level of infection (dark blue staining). (G) Whole mount
ion for cFgf-8 probe (dark blue staining) and mEn-1 probe (turquoise
ch of infection (blue arrow), compared with noninfected normalent.
duce
cted
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disat
d patapterous (Riddle et al., 1995; Vogel et al., 1995; Chen et al.,
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310 Altabef et al.1998). No genes specifically expressed in ventral mesoderm
have yet been identified.
We recently showed that the body ectoderm of chick
embryos is bisected, on each side of the body, from pre-
sumptive forelimb to hindlimb regions into two cell lineage
restriction compartments, dorsal and ventral (Altabef et al.,
1997). The apical ectodermal ridge is formed at limb levels
at the boundary between these two compartments. At the
level of the flank, however, no physical landmark demar-
cates the dorsal and ventral compartments. Remarkably, as
in Drosophila anteroposterior compartments, the border
etween dorsal and ventral compartments appears to corre-
pond to the En-1 domain of expression (Gardner and
arald, 1992; Logan et al., 1997). This analogy suggests a
functional homology between En-1 and engrailed, pointing
oward a role for En-1 as a selector gene in the ventral
ompartment in vertebrates. The other genes that have
estricted dorsoventral patterns of expression in the ecto-
erm, Wnt-7a, Wnt-3a, and R-Fng, are expressed only at
imb level and not throughout the entire compartment
hich extends along the flank. Thus they are not candi-
ates for a selector gene function (Dealy et al., 1993; Parr
nd McMahon, 1995; Laufer et al., 1997; Rodriguez-Esteban
t al., 1997; Kengaku et al., 1998).
Here, we demonstrate, in individual embryos, the coin-
idence of the En-1 domain of expression with the ventral
ell lineage compartment. To test the relationship between
n-1 expression, dorsoventral compartment maintenance
nd role of compartmentalisation in limb positioning, we
isexpressed En-1 via retroviral-mediated gene transfer in
arly chick embryos. Previous work has shown that En-1
isexpression disrupts the apical ridge and occasionally
isplaces it dorsally (Laufer et al., 1997; Logan et al., 1997;
odriguez-Esteban et al., 1997). Here, we test the role of
n-1 in limb positioning directly by misexpressing En-1 in
he flank and subsequently inducing ectopic limbs. We also
est whether or not the dorsoventral compartments remain
ntact.
MATERIAL AND METHODS
Embryos
All experiments were carried out on fertilised Hisex White
(hybrid of Light Sussex) chick embryos. Eggs were incubated at
38°C for appropriate times and then windowed and staged accord-
ing to Hamburger and Hamilton (1951). In the case of fate mapping
and FGF-2 bead grafting, the vitelline membrane was removed prior
to experiments and a small amount of India ink (Rotring), diluted
1:10 in Tyrode solution, was injected under the blastoderm to
improve visibility.
Fate Mapping
Two cell-fate tracers were used: tetramethylrhodamine biotinyl-
ated dextran (10,000 MW, lysine fixable, Molecular Probes D-3312)
at 100 mg/ml in water and DiI (1,1-dioctadecyl-3,3,39,39-
tetramethylindocarbocyanine perchloride, Molecular Probes
Copyright © 2000 by Academic Press. All rightD-282) at 3 mg/ml in dimethyl formamide. Rhodamine dextran is
incorporated intracellularly and persists following in situ hybridi-
ation, in contrast to the lipophilic DiI which is incorporated in the
ell plasma membrane. In both cases, tracers were iontophoresed
ia microelectrodes onto the body ectoderm, in ovo, using a 9-V
attery (Altabef et al., 1997). This procedure labels a patch of tissue
containing approximately 5–15 cells.
For infected embryos, as it is not possible to foresee the exact
location of the altered phenotype at the time of labelling, multiple
deposits of dye (three to seven) were made within a compartment at
different anteroposterior levels of the embryo, on the left and right
sides, for both forelimbs and hindlimbs sequentially, to increase
the probability of labelling an infected part. In the previous work
that established the fate map in normal embryos, the label was
applied systematically onto the ectoderm before the body wall
folded in order to label dorsal and ventral compartments equally
(Altabef et al., 1997). To reproduce this here, eggs were reopened a
ew hours after the first label was applied to label more posterior
tructures. Changes in cell lineage restriction were assessed in both
orsal and ventral compartments to rule out the possibility that
n-1 only partially transforms the dorsal compartment into ventral
hus allowing ventral cells to mingle with dorsal cells in the dorsal
ompartment but not allowing dorsal cells to enter the ventral
ompartment.
Microelectrodes, with a tip diameter of 3 mm, were filled with a
small quantity of tracer, backfilled with 1 M lithium chloride, and
used to label ectoderm at the level of the most recently segmented
mesoderm. Immediately after application, the size and relative
position of the spot with respect to the medial edge of the somites
was measured using an epifluorescence microscope fitted with a
eyepiece micrometer. Embryos were subsequently incubated for 24
or 48 h (depending on the experiment) at 38°C prior to being
removed from the egg, dissected in Ringer solution, and fixed in 4%
paraformaldehyde (PFA). Embryos were then bisected longitudi-
nally and either viewed as a whole mount by directly mounting on
a slide in PBS or further embedded in 20% gelatin, refixed in 3.5%
PFA/0.1% gluteraldehyde solution, and transversely sectioned on a
vibratome (50 mm). Analysis was performed using a Zeiss Axioskop
with fluorescence attachment or a confocal microscope (Bio-Rad
MRC 600). In the first case, pictures were taken with a digital Spot
camera (Diagnostic Instrument).
Retroviral Infection
RCAS En-1 and RCAN En-1 retroviral constructs contain the
ntire coding region of mouse En-1, as previously described in
ogan et al. (1996). RCAN En-1 retrovirus does not produce the
n-1 protein since it lacks the appropriate splice acceptor. Chick
mbryo fibroblasts and concentrated viral stocks were prepared
ccording to Fekete and Cepko (1993). Concentrated viral titres
anged from 109 to 5 3 109 cfu/ml. Viral supernatant was injected
under the vitelline membrane on top of the presumptive limb
ectoderm of stage 6–9 chick embryos. Embryos were harvested 72 h
after infection.
FGF-2 Bead Implantation
Implantation of heparin acrylic beads (H5263, Sigma) of 100–150
mm diameter, soaked in FGF-2 (1 mg/ml, 133-FB-025, R&D Sys-
tem), was performed as described in Cohn et al. (1995). A slit in the
ectoderm was made at flank level allowing the bead to be inserted
into lateral plate mesoderm at the correct position. Embryos were
harvested 48 h after bead implantation.
s of reproduction in any form reserved.
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311En-1 and Vertebrate D-V CompartmentsWhole Mount In Situ Hybridisation
Whole mount RNA in situ hybridisation was performed using
ither a nonradioactive digoxigenin (DIG) probe for single labelling
r both DIG- and FITC-labelled RNA probes for double labelling.
he reaction was carried out essentially as described by Wilkinson
1992) except that proteinase K and RNase steps were omitted. The
ark staining was obtained using NBT/BCIP reagents (Boehringer
annheim) whereas turquoise staining was obtained using BCIP
lone. Specimens were refixed using 4% paraformaldehyde in PBS
rior to storing or sectioning. Selected embryos were embedded in
.45% gelatin/27% albumin/18% sucrose solution, transversely
ectioned on a vibratome at 50 mm and further cleared in 90%
lycerol/PBS. Photos were taken using a digital Spot camera
Diagnostic Instrument) or using conventional Fujichrome 64T
lm.
RESULTS
En-1 Expression Coincides with the Cell-Lineage-
Restricted Ventral Ectodermal Compartment
In order to confirm, in the same embryo, correspondence
between the En-1 domain of expression and ventral cell
lineage restriction, we combined cell fate tracing with in
situ hybridisation. We labelled the ectoderm of stage 14–15
chick embryos at limb (Figs. 1A and 1B) or flank (Figs.
1C–1F) level, in either dorsal (Figs. 1A, 1C, and 1E) or
ventral (Figs. 1B, 1D, and 1F) compartment. Two to four
applications of label were made along the anteroposterior
axis to challenge the limit at which the cells stop. Embryos
were subsequently harvested at stage 18–20 (24 h). This
time was chosen both in order to give sufficient amount of
time for labelled cells to divide yet still express En-1
strongly in ventral limb bud and flank ectoderm (Logan et
l., 1997; Altabef et al., unpublished data). Embryos were
hen processed for in situ hybridisation using cEn-1 probe
Logan et al., 1996). The results show that cells from the
orsal compartment are not found within En-1 domain of
expression at either limb (Fig. 1A, n 5 4) and flank levels
(Figs. 1C and 1E, n 5 3). Similarly, cells in the ventral
compartment respect the limit of En-1 expression (Fig. 1B,
n 5 2; Fig.1D and 1F, n 5 4). Thus, En-1 could be involved
in maintaining the compartments and positioning the
limbs.
Misexpression of En-1 Does Not Alter Limb
Position
In previous studies by us (Logan et al., 1997) and others
(Laufer et al., 1997; Rodriguez-Esteban et al., 1997), misex-
pression of En-1 occasionally displaces fragments of ridge
dorsally. In order to test whether the entire ridge could be
displaced and thus limb position changed, we misexpressed
En-1 in the flank and then induced ectopic limbs with
FGF-2. We injected embryos at stage 6–9 with either RCAN
mEn-1 control retrovirus or RCAS mEn-1 retrovirus and
then, at stage 14–15, FGF-2 soaked beads were implanted.
The embryos were harvested 48 h later and processed for in
Copyright © 2000 by Academic Press. All rightsitu hybridisation with a mEn-1 probe in order to determine
the level of infection. Figure 2A shows an uninfected
embryo with an ectopic limb in register with the normal
limbs (see also Altabef et al., 1997). Infection with the
control RCAN En-1 virus does not modify location or shape
of the ectopic limb even at high levels of infection (Fig. 2B,
n 5 10). In contrast, misexpression of En-1 can drastically
affect the appearance of ectopic limbs. At poor to moderate
levels of infection (at the site of graft), extra limbs either are
normal (n 5 11/17) or have a “pointed” or “spiky” shape
(n 5 6/17) characterised by residual pieces of apical ecto-
dermal ridge (Figs. 2C and 2D). Well or very well infected
embryos have either a pointed extra limb (n 5 5/15) or no
extra limb at all (n 5 10/15) despite the presence of the
FGF-2 bead (Figs. 2E and 2F). However, in none of the cases
was there any sign of limb misplacement in relation to
dorsoventral axis of the body. Even when only a small spike
is formed, it is in the correct position. Therefore, misex-
pression of En-1 does not alter limb position but leads to
partial or complete abolition of ectopic limbs.
In these experiments, we also noticed effects of En-1
misexpression on development within the limb-forming
regions. Out of the total number of embryos infected during
these experiments, we observed 13 cases in which a limb is
completely missing. In some embryos, more than one limb
was affected (22 affected limbs in total). The other limbs of
these embryos appeared either normal or spiky as previ-
ously described (Laufer et al., 1997; Logan et al., 1997;
Rodriguez-Esteban et al., 1997). In the severely affected
cases, barely any outgrowth occurs (Figs. 3C–3H) compared
with outgrowth of control RCAN En-1-infected limbs (Figs.
3A and 3B) or noninfected limbs (see Fig. 3G, fore- and
hindlimb). Furthermore, the apical ectodermal ridge is
completely absent morphologically (Fig. 3F) and expression
of Fgf-8, normally associated with the ridge, cannot be
detected (Figs. 3G and 3H).
Misexpression of En-1 Does Not Disrupt the
Dorsoventral Cell Lineage Restriction Boundary
One explanation for partial or complete abolition of limb
development following En-1 misexpression is that the dor-
sal compartment is transformed into ventral by ectopic
expression of En-1. To test this hypothesis, we performed
lineage tracing on RCAS En-1-infected embryos. Embryos
were infected at stage 6–9, labelled with DiI at stage 14–16
(time by which ectopic En-1 is already detectable; data not
shown), and then left to develop for 48 h. Examples of dorsal
and ventral lineage tracing in En-1-infected embryos are
shown in Figs. 4 and 5, respectively. Following cell lineage
restriction analysis, embryos were processed for in situ
hybridisation using mEn-1- and cFgf-8-specific probes to
determine the level of infection and the extent of apical
ectodermal ridge disruption. The results are unexpected as
in none of the 19 embryos (n 5 8 for dorsal cases; n 5 11
for ventral cases) in which DiI labelling and injection with
RCAS En-1 exactly coincided do labelled cells of one
s of reproduction in any form reserved.
l
c
o
v
o
b ) Dor
f
312 Altabef et al.compartment mingle with cells from the other compart-
ment, either at limb or at flank levels. Many more embryos
FIG. 4. Effects of En-1 misexpression on dorsal cell lineage restrict
f uninfected limb after in situ hybridisation for both cFgf-8 probe (
entral views of the same limb labelled dorsally with DiI (red) for
f RCAS En-1-infected embryos. (E–F and I–J) Dorsal and side views
lue staining) and mEn-1 probe (turquoise staining). (G–H and K–L
or 48 h, showing persistent dorsal cell lineage restriction.were examined but not taken into account because DiI t
Copyright © 2000 by Academic Press. All rightabelling and injection with RCAS En-1 did not exactly
oincide. Furthermore, as embryos were labelled with mul-
A–D) Control noninfected embryo. (A and B) Dorsal and side views
blue staining) and mEn-1 probe (no staining). (C and D) Dorsal and
exhibiting dorsal cell lineage restriction. (E–H and I–L) Two cases
fected limbs after in situ hybridisation for both cFgf-8 probe (dark
sal and ventral views of the same limbs labelled dorsally with DiIion. (
dark
48 h,
of iniple deposits, the number of instances of nonmingling cells
s of reproduction in any form reserved.
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313En-1 and Vertebrate D-V Compartmentsbetween compartments is much greater than the actual
number of cases reported (see Material and Methods).
FIG. 5. Effects of En-1 misexpression on ventral cell lineage restric
f uninfected limb after in situ hybridisation for both cFgf-8 probe (
entral views of the same limb labelled ventrally with DiI (red) for 4
f RCAS En-1-infected embryos. (E–F and I–J) Dorsal and side views
lue staining) and mEn-1 probe (turquoise staining). (G–H and K–L)
or 48h, showing persistent ventral cell lineage restriction.When dorsal or ventral cells are labelled in normal t
Copyright © 2000 by Academic Press. All rightmbryos, this gives rise to stripes of labelled cells which
xtend in limb buds as far as the apical ridge but not into
(AD) Control noninfected embryo. (A and B) Dorsal and side views
blue staining) and mEn-1 probe (no staining). (C and D) Dorsal and
exhibiting ventral cell lineage restriction. (E–H and I–L) Two cases
fected limbs after in situ hybridisation for both cFgf-8 probe (dark
al and ventral views of the same limbs labelled ventrally with DiItion.
dark
8 h,
of in
Dorshe other compartment as shown in Figs. 4C, 4D (dorsal
s of reproduction in any form reserved.
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314 Altabef et al.cells), 5C, and 5D (ventral cells). For both Figures 4 and 5,
panels A and B show the views of the same limbs where the
condition of the apical ridge is assessed by the distribution
of Fgf-8 transcripts. Figures 4E–4L and 5E–5L show the
esults in infected limbs for two different examples. In
ddition to the Fgf-8 transcripts in dark blue, the Figs. 4E,
4F, 4I, 4J, 5E, 5F, 5I, and 5J also show the extent of mEn-1
expression from the retrovirus in turquoise. Distribution of
DiI-labelled cells in corresponding limbs is illustrated in
Figs. 4G, 4H, 4K, 4L, 5G, 5H, 5K, and 5L. In the infected
embryos the limb margin is wavy or consists of several
spikes. The apical ridge is patchy or just confined to the tips
of the spikes. In all cases, the streams of labelled cells are
confined to one compartment and do not extend into the
neighbouring compartment even at sites where the apical
ridge is completely missing. This is particularly striking in
the limb shown in Figs. 4E–4H in which mEn-1 expression
s homogenously strong and the apical ridge only persists in
wo locations. Here, dorsally labelled streams of cells still
un up to the dorsoventral margin of the bud but do not
xtend ventrally. These results show that En-1 is not
equired for maintenance of dorsoventral cell lineage re-
triction.
DISCUSSION
En-1 Does Not Appear to Be a “Selector Gene” for
the Ventral Ectodermal Compartment
In Drosophila, engrailed is the archetype selector gene
nd is expressed in posterior compartments, first in larval
ctoderm and later, as development proceeds, in imaginal
iscs, e.g., wing and leg (Garcia-Bellido et al., 1973; Hidalgo,
996). However, in contrast to Drosophila in which ectopic
ngrailed expression transforms the anterior compartment
nto posterior allowing mutant cells to cross the compart-
ent boundary (Guillen et al., 1995), when we misex-
ressed En-1 in chick embryos, the dorsal compartment was
ot transformed into ventral at the cellular level since a
ineage restriction still persists. Therefore, En-1 does not
ppear to act as an archetypical selector gene in vertebrates.
rom an evolutionary point of view, it suggests that even if
ome of the genes involved in compartmentalisation are
onserved between invertebrates and vertebrates, their
unction has changed. Interestingly, it has recently been
hown that engrailed fails to rescue the En-12/2 mutant
limb phenotype in mice (Hanks et al., 1998).
Decoupling Dorsoventral Compartments from
Apical Ectodermal Ridge Formation
In 1983, Meinhardt postulated that formation of the
apical ridge requires dorsoventral juxtaposition. Here we
provide evidence that apical ridge formation can be abol-
ished even when juxtaposition of two cell lineage restric-
tion territories is still present. Normal ridge formation is
thus not dependent solely on compartment formation but
Copyright © 2000 by Academic Press. All rightlso on proper restriction of En-1 expression to the ventral
compartment. Hence one function of the ventral compart-
ment could be to define a discrete cell population compe-
tent to express En-1. In this way, a sharp border between
n-1-expressing and non-expressing cells forms at the
oundary with the neighbouring dorsal compartment. Sub-
equently, this results in the formation of the apical ridge at
his compartment boundary in limb-forming regions. Main-
enance of cell lineage restriction in the absence of the ridge
lso shows that this is not a physical boundary preventing
ell mixing. In the hindbrain, rhombomeres are segregated
y differential adhesion at interfaces which only later
ecome obvious morphological boundaries (Fraser et al.,
990; Wizenmann and Lumsden, 1997). Again, these bound-
ries are not necessary to maintain compartments as they
isappear after retinoic acid treatment whereas cell lineage
estriction persists (Nittenberg et al., 1997).
Compartments and Limb Positioning
Even when En-1 is misexpressed before limb induction
occurs, we never detected changes in limb position. So far,
it has been impossible to displace the entire ridge more
dorsally or more ventrally and to position limbs either in
the back or in the belly. Misexpressions of En-1, R-Fng, or
Wnt-3a have all been reported to lead to a slight misloca-
tion of ridge fragments (Laufer et al., 1997; Logan et al.,
1997; Rodriguez-Esteban et al., 1997; Kengaku et al., 1998).
In no case is the ectopic ridge formed far from the normal
ridge even when it arises perpendicularly. Moreover, no
known mutation leads to full translocation of the entire
ridge. Strikingly, in eudiplopodia mutants where ectopic
ridges are induced late in limb development, they form only
in the immediate vicinity of the endogenous ridge (Laufer et
al., 1997). It seems likely that in all these cases it is the
unperturbed cell lineage restriction that still influences the
position of ridge formation. Accordingly, only a change in
dorsoventral cell lineage restriction will lead to displace-
ment of ridge and hence limb position.
Possible Roles of En-1, Wnt-7a, Wnt-3a, and R-Fng
in Apical Ridge Formation
Our results suggest a predominant role for En-1 in ridge
ormation. In the limbless chick mutant, failure of ridge
ormation correlates with lack of En-1 expression in the
imb (Grieshammer et al., 1996; Noramly et al., 1996; Ros
t al., 1996; Laufer et al., 1997). In contrast, En-12/2 mutant
mice develop an apical ectodermal ridge but it is flattened
ventrally (Loomis et al., 1996). These discrepancies are not
currently understood and might reflect differences in the
process of ridge formation in the two species. In both cases,
Wnt-7a is extended into ventral ectoderm and the abnormal
shape of the ridge in En-12/2 mice has been attributed to this
ctopic Wnt-7a expression as Wnt-7a2/2/En-12/2 null mice
have a normal ridge (Cygan et al., 1997; Loomis et al., 1998).
An alternative pathway leading to ridge formation could
s of reproduction in any form reserved.
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that of Wnt-7a, is expressed in the apical ridge, and seems to
regulate R-Fng expression (Kengaku et al., 1998). Wnt-3a
misexpression in chick embryos leads to the same pheno-
type as En-1 misexpression (Laufer et al., 1997; Logan et al.,
1997; Rodriguez-Esteban et al., 1997; Kengaku et al., 1998).
However, the lack of Wnt-3a does not affect ridge formation
in mouse (Takada et al., 1994), which reinforces the possi-
bility of parallel pathways to apical ridge formation. At
present, R-Fng is the furthest downstream gene known in
chick to be involved in this pathway even though its
detection is very difficult and its role in mouse remains to
be explored (Laufer et al., 1997; Rodriguez-Esteban et al.,
1997). However, it has recently been shown that ectopic
expression of R-Fng in flank following Lhx2 misexpression
does not induce ectopic ridge formation (Rodriguez-Esteban
et al., 1998).
CONCLUSION
Our results emphasise the difference between those genes
whose expression is dorsoventrally restricted and function
to confer dorsoventral cell lineage restriction and those
genes whose expression is restricted dorsoventrally but
fulfill different functions. En-1 falls into the latter category
and appears to participate, for one of its functions, in a
signalling pathway leading to ridge formation. Thus, the
genes that are expressed in a dorsoventrally localised pat-
tern seem to fulfill three different, but possibly not exclu-
sive, functions: (i) encoding compartment identity as selec-
tor genes; (ii) participating in signalling pathways leading to
ridge formation; and (iii) specifying dorsoventral pattern in
the underlying mesoderm. According to this analysis, we
predict that changes in expression of dorsoventrally re-
stricted genes (e.g., Wnt-7a) in En-12/2 null mice do not
reflect a change in dorsoventral lineage restriction. The
gene(s) that initiate and/or maintain dorsoventral ectoder-
mal cell lineage restriction remain to be identified.
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